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We investigate the formation of resonances in the P33 partial wave with the emphasis on possible
emergence of dynamically generated quasi-bound states as a consequence of a strong p-wave pion
attractive interaction in this partial wave, as well as their possible interaction with the genuine
quark excited states. By using the Laurent-Pietarinen expansion we follow the evolution of the
S-matrix poles in the complex energy plane as a function of the interaction strength. Already
without introducing a genuine quark resonant state, two physically interesting resonances emerge
with pole masses around 1200 MeV and 1400 MeV, with the dominant piN and pi∆ component,
respectively. The added genuine resonant state in the (1s)3 quark configuration mixes with the
lower dynamically generated resonance forming the physical ∆(1232) resonance, and pushes the
second dynamical resonance to around 1500 MeV, which allows it to be identified with the ∆(1600)
resonance. Adding a second resonant state with one quark promoted to the 2s orbit generates
another pole whose evolution remains well separated from the lower two poles. We calculate the
helicity amplitudes at the pole and suggest that their Q2 dependence could be a decisive test to
discriminate between different models of the ∆(1600) resonance.
I. INTRODUCTION
Since its discovery in 1952 [1, 2], the ∆(1232) reso-
nance has played a significant role in almost all attempts
to understand the structure and dynamics of the nucleon
and its excited states. The early approaches were based
on the observation that the dominant p-wave pion nu-
cleon interaction is attractive in the P33 partial wave —
in contrast to the P11, P13 and P31 waves — and may
therefore generate a resonance at the observed energy,
provided that the coupling is sufficiently strong. Since
the pion-nucleon coupling constant was known from the
behavior of the P11 wave near the threshold, the above
condition required a sufficiently large cutoff of the order
of 1 GeV/c [3]. With the introduction of the quark model
the four charge states of ∆(1232) have been identified as
the isospin quadruplet belonging to the lowest quark de-
cuplet. The excitation energy with respect to the nucleon
is usually explained by the gluon or/and pion exchange
interaction between quarks. The relatively strong p-wave
pion-nucleon interaction — though not the main mech-
anism to generate the resonance — manifests itself in
sizable pion contributions to the photo- and electropro-
duction amplitudes.
While the properties of the ∆(1232) resonance are well
understood, this is not the case with the next higher reso-
nance in the P33 partial wave, the ∆(1600). In the quark
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model, this resonance is traditionally described as the ra-
dial excitation in which one quark is promoted to the 2s
orbit — the analogue to the Roper resonance N(1440)
in the P11 partial wave. The problem with such an in-
terpretation is that in the harmonic-oscillator model the
2s excitation is twice as large as the 1p excitation while
the observed N(1440) resonance appears below the neg-
ative parity resonances. Furthermore, recent results of
lattice QCD in the P11 partial wave show no clear sig-
nal for a three-quark Roper state below 1.7 GeV [4, 5].
To resolve the problem of level ordering, an alternative
approach has been proposed in which coupled-channel
meson-baryon dynamics alone was sufficient to engen-
der the resonance [6, 7]. In our previous work [8] we
have shown that, while the mass of the N(1440) reso-
nance is indeed determined by the dynamically gener-
ated state with the dominant s-wave σN component, a
genuine three-quark (1s)22s component with the mass
above 1750 MeV is needed to explain the properties of
the resonance. The presence of a bare baryon structure
at around 1750 MeV has also been emphasized in the
EBAC approach [9, 10].
Since the ∆(1600) resonance may be considered as a
spin 32 , isospin
3
2 partner of the N(1440), it seems at
first glance that a similar model could work also in the
P33 partial wave with the σN substituted by the s-wave
σ∆ component.1 As shown in [8] the N(1440) mass at
1 In the following we shall denote the ∆(1232) as ∆; the ∆(1600)
ar
X
iv
:1
90
8.
11
75
0v
1 
 [h
ep
-p
h]
  3
0 A
ug
 20
19
2the pole lies slightly below the nominal Nσ threshold,
rather independently of the model parameters, which
would mean that the mass of the ∆(1600) would be at
least 200 MeV higher than the mass of the pole given
in PDG [11], ruling out such a model. Also, a prelimi-
nary calculation in the P33 partial wave has shown that
the σ∆ component represents a rather minor contribu-
tion to the scattering amplitudes below W ≈ 1800 MeV.
We therefore consider here an alternative model, based
on the observation that the piN as well as the pi∆ interac-
tion are attractive in the P33 partial wave, in which the
dynamically generated state consists of quasi-bound piN
and pi∆ states. Such a model is further stimulated by
the study [12] using a semi-phenomenological approach
to extract photoproduction couplings at the pole of N
and ∆ resonances up to W ≈ 2.4 GeV, which has con-
firmed the dynamical origin of the ∆(1600) resonance
with a dominant pi∆ configuration.
There have not been many attempts to study the prop-
erties of ∆(1600) from the quark modeling point of view;
let us mention the calculations in the relativistic quark
model in a light-front framework [13–15] assuming the
dominant (1s)22s quark configuration which leads to a
similar behavior of the helicity amplitude as in the Roper
case, and a calculation [16] using a relativistic diquark-
quark model.
In the next section we briefly review the basic features
of our coupled-channels approach and of the underly-
ing quark model that has been used in our treatment
of N(1440). However, in the version reported here we do
not include the σ meson which turns out to have only a
very minor role in the relevant energy region. Further-
more, since the piNN coupling constant is well estab-
lished, we keep the pi-quark coupling constant fixed and
vary the cutoff parameter in order to study the evolu-
tion of the resonance poles in the complex energy plane
by using the Laurent-Pietarinen (L+P) expansion [17–
20]. In Sect. III we solve the coupled-channels problem,
first without including any genuine three-quark resonant
state, then by including a three-quark resonant state cor-
responding to ∆(1232), and finally adding a three-quark
resonant state in a (1s)22s configuration. In Sect. IV
we discuss the prediction of our model for the photo-
and electro-production amplitudes which may eventually
support our picture of the ∆(1600).
II. THE MODEL
In our approach the scattering state in channel α which
includes a quasi-bound quark state ΦR assumes the form
|Ψα〉 = Nα
{[
a†α(kα)|Φα〉
]
+ cαR|ΦR〉
will be eventually denoted as ∆∗.
+
∑
β
∫
dk χαβ(kα, k)
ωβ(k) + Eβ(k)−W
[
a†β(k)|Φβ〉
]}
,(1)
where α (β) denotes either piN or pi∆ channels, [ ] stands
for coupling to total spin 32 and isospin
3
2 . The first term
represents the free pion and the baryon (N or ∆) and
defines the channel, the next term corresponds to a bare
three-quark resonant state, while the third term describes
the pion cloud around the nucleon and ∆. Here Nα =√
ωαEα/(kαW ), kα and ωα are on-shell pion momentum
and energy, and W = ωα + Eα is the invariant mass.
The integral is assumed in the principal value sense. The
(half-on-shell) K matrix is related to the scattering state
as [21]
Kαβ(kα, k) = −piNβ〈Ψα||V β(k)||Φβ〉 , (2)
with the property Kαβ(kα, k) = Kβα(k, kα). It is pro-
portional to the pion amplitude χ in (1),
Kαβ(kα, k) = piNαNβ χαβ(kα, k) . (3)
The amplitude χ satisfies a Lippmann-Schwinger type
of equation:
χαγ(k, kγ) = −cγR VαR(k) +Kαγ(k, kγ)
+
∑
β
∫
dk′
Kαβ(k, k′)χβγ(k′, kγ)
ωβ(k′) + Eβ(k′)−W . (4)
Our model utilizes two approximations for the kernel K;
the first one implies only u-channel processes:
Kαβ(k, k′) =
∑
i=N,∆
f iαβ
V αiβ(k)V
β
iα(k
′)
ωα(k) + ωβ(k′) + Ei(k¯)−W
,
(5)
and the second one implies that the kernel can be made
separable by assuming
1
ωα(k) + ωβ(k′) + Ei −W ≈
(ωα + ωβ + Ei −W )
(ωα(k) + Ei − Eβ)(ωβ(k′) + Ei − Eα) , (6)
where W = Eα + ωα = Eβ + ωβ . The factorization is
exact if either of the ω’s is on-shell, i.e. ωα(k) → ωα =
W −Eα or ωβ(k′)→ ωβ = W −Eβ . In the present work
we include only pion loops and the nucleon and ∆ as
the u-channel exchange particles. Based on our previous
experience in the P11 and P33 partial waves these degrees
of freedom dominate in the energy region considered in
the following. The spin-isospin factors in (5) equal
fNNN = f
∆
NN =
4
9
, f∆NN =
1
36
, f∆∆∆ =
121
225
,
fNN∆ = f
N
∆N =
5
9
, f∆N∆ = f
∆
∆N =
2
9
.
Equation (5) implies dressed vertices; in the present cal-
culation the vertices involving the ∆ are increased by
330 % with respect to their bare (quark model) values
in accordance with our analysis of the P33 resonances
in [21], while VpiNN is kept at its bare value.
The vertices are determined in the underlying quark
model which can be chosen freely; we use the Cloudy Bag
Model [22] which involves two parameters, the pion-decay
constant, fpi (reduced to 76 MeV in order to reproduce
the piN coupling constant), and the bag radius which de-
termines the cutoff. In our previous analysis we used a
typical value of R = 0.83 fm corresponding to the cutoff
Λ ≈ 550 MeV. These two parameters describe consis-
tently the scattering and photo-production amplitudes,
including the production of η and K mesons [8, 21, 23–
26]. In order to reveal the mechanism of ∆(1600) forma-
tion we study the evolution of the resonance properties
as a function of R (which is inversely proportional to the
cutoff momentum) for a large range of its value, keeping
in mind that the physically sensible interval should be
between 0.6 fm and 1 fm.
The pion amplitude can be written in terms of the
resonant and non-resonant part,
χαγ(k, kγ) = cγRVαR(k) +Dαγ(k, kγ) , (7)
such that (4) can be split into the equation for the dressed
vertex,
VαR(k) = VαR(k) +
∑
β
∫
dk′
Kαβ(k, k′)VβR(k′)
ωβ(k′) + Eβ(k′)−W ,
(8)
and the non-resonant amplitude:
Dαγ(k, kγ) = Kαγ(k, kγ)+
∑
β
∫
dk′
Kαβ(k, k′)Dβγ(k′, kγ)
ωβ(k′) + Eβ(k′)−W ,
(9)
with
cαR = − VαR(k)
W −mR +
∑
β
∫
dk
VβR(k)VβR(k)
ωβ(k) + Eβ(k)−W
,
(10)
where mR is the bare mass of the resonant state.
2
Since the kernel (5) has been rendered separable, equa-
tions (8) and (9) can be solved exactly (i.e. to all orders)
with the ansaetze
VαR(k) = VαR(k) +
∑
βi
xαβi ϕ
α
βi(k) (11)
and
Dαγ(k, kγ) = Kαγ(k, kγ) +
∑
βi
zαγβi ϕ
α
βi(k) , (12)
2 Eq. (10) becomes more complicated if the second resonant state
is included; see Sect. III.3.
where
ϕαβi(k) =
2mi
Eβ
(ωβ + ε
β
iα)
V αiβ(k)
ωα(k) + εαiβ
f iαβ ,
εβiα =
m2i −m2α − µ2β
2Eα
.
This leads to a set of linear algebraic equations for the
coefficients x: ∑
γj
Aβαi,γj x
β
γj = b
β
αi , (13)
and similarly for z with the same A matrix. Here i (j)
refers to u-channel exchange baryons (N and ∆). The
expression for the A matrix along with its graphical rep-
resentation as well as the RHS’s b are given in [8].3 Hav-
ing obtained the K matrix, the scattering matrix T is
obtained by solving the Heitler equation.
Increasing the interaction strength the kernel may be-
come singular and the K matrix acquires a pole which
may be interpreted as a dynamically generated reso-
nance. In [8] we have performed the singular value de-
composition of the A matrix [27] in order to be able
to determine the W -dependence of the lowest singular
value, wmin, and to study how the behavior of wmin is
reflected in the evolution of pole(s) in the complex plane
as the interaction strength is increased. The main con-
clusion of such an analysis in our previous work has been
that the pole corresponding to the dynamically generated
resonance emerges well before the interaction strength
reaches the value at which wmin touches zero. Further-
more, the mass of the pole turns out to lie closely to
the position where wmin reaches its minimum, almost in-
dependently of the interaction strength. This property
persists even when wmin becomes negative; however, ad-
ditional poles may show up at W where wmin crosses
zero. From the corresponding eigenvectors it is possible
to establish the main meson-baryon components of the
dynamically generated state.
III. SOLVING THE SCATTERING EQUATION
III.1. No bare-baryon resonant state
We first study the case without any genuine bare
baryon so the problem reduces to solving Eq. (9) alone.
We consider two cases; in the first one we assume only
the nucleon as the u-channel exchange particle and fix
the piNN coupling constant to the experimental value,
in the second case we add the ∆ at 1232 MeV as the
second u-channel exchange particle and fix the pi∆N and
the pi∆∆ coupling constants to the quark-model values
increased by 30 %. We vary the coupling strength by
3 In the present model the σ terms are not included.
4changing the bag radius. Figure 1 shows the behavior
of wmin as a function of W for some typical values of
R for the two cases. In the first case (thinner curves)
wmin touches zero for R ≈ 0.22 fm and crosses zero at
1232 MeV for R = 0.123 fm. The situation is consider-
ably more complex in the second case (thick curves). For
the physically interesting values around R = 0.8 fm, wmin
exhibits three minima at around 1200 MeV, 1500 MeV
and 2000 MeV. For smaller R the middle minimum stays
close to 1500 MeV and touches zero for R ≈ 0.45 fm.
The zero crossing at 1232 MeV occurs for R = 0.20 fm.
W [MeV]
w
m
in
0.20
0.12 0.35
0.17
0.45
0.22
0.50
0.2
7
0.60
0.3
5
0.80
0.5
0
20001800160014001200
0.8
0.6
0.4
0.2
0
−0.2
−0.4
FIG. 1. The behavior of wmin, the lowest singular value of A
as a function of W for the kernel involving N and ∆ u-channel
exchange (thick lines) and N alone (thin lines), for different
bag radii R (in fm).
In order to obtain the scattering amplitudes we have
to specify how to include the inelastic channel above the
two pion threshold. We assume that the decay into two
pions proceeds through the pi∆ intermediate state as de-
scribed in [23] and in Appendix A of [24], which implies
an integration over the invariant mass of the piN sys-
tem weighted by the probability determined in the piN
scattering in the P33 partial wave. We assume that this
probability is given by the Breit-Wigner mass and width
of the ∆. As we shall see in the following, this assump-
tion is consistent for sufficiently strong coupling (small
R) where the parameters of the ∆(1232) are reproduced
in the same dynamical model.
The resulting scattering amplitudes are displayed in
Fig. 2 for three typical bag radii. While for larger values
of R the amplitudes do not show any visible sign of res-
onance, for R = 0.123 fm (for the u-channel N -exchange
kernel) and for R = 0.20 fm (N and ∆-exchange) they
perfectly fit the experimental data below 1300 MeV. By
using the L+P expansion we have been able to follow
the evolution of the pole(s) in the two cases considered
above from the (relatively) weak coupling towards the
strong coupling regime. Using the kernel with solely the
N -exchange there is only one resonance which can be at-
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FIG. 2. T -matrix amplitudes involving N and ∆ u-channel
exchange (thick lines, dashes for ImT ) for R = 0.8 fm, 0.45 fm
and 0.20 fm, and N alone (thin lines, dashes for ImT ) for R =
0.5 fm, 0.22 fm and 0.123 fm. Experimental data from [28, 29].
tributed to the dynamically generated ∆(1232). It starts
far from the real axis (i.e. with a large width), approaches
the real axis and becomes bound for R = 0.050 fm (see
Fig. 3). It is interesting to notice that its pole mass re-
mains close to 1200 MeV. For R = 0.123 fm where ReT
reaches zero at 1232 MeV, the pole parameters agree well
with those extracted from experiment (see Table I).
The situation in the case with N and ∆ exchange par-
ticles is much more complex: for larger R there are two
poles, and for the radius for which wmin comes close to
zero, a third pole emerges. The lowest one exhibits a
very similar evolution as the pole in the previous case,
while the second pole remains close to the mass 1380 MeV
and width of 220 MeV, rather independently of R. Since
these two poles lie closely to each other, their determi-
nation is not very precise; the unsmooth evolution curve
in the complex plane can be therefore attributed to nu-
merical instabilities. The second pole turns out to be
better determined in the pi∆ channel (see Table I). This
pole can be interpreted as the progenitor of the ∆(1600)
resonance. For smaller R the mass of the third pole co-
incides with the energy at which wmin crosses zero the
second time; it seems to have no physical interpretation
and might be an artifact of the model.
The singular value decomposition mentioned in the
previous section allows us to extract the probabilities for
the piN and pi∆ intermediate states in the scattering am-
plitudes as a function of W (normalized to unity). The
probability for the pi∆ component in elastic scattering
is displayed in Fig. 4 for four different R. Similar be-
havior is observed also upon inclusion of the resonant
state discussed in the next subsection. Just about the
piN threshold the piN component is dominant, while in
the region around and above 1400 MeV the pi∆ compo-
nent starts to dominate. This explains the constancy of
5TABLE I. S-matrix pole position, modulus and phase for the
u-channel N -exchange (I) and ∆ + N -exchange kernel (II),
NN refers to pole determined from elastic channel and ∆∆
to poles from pi∆→ pi∆. The PDG values are taken from [11].
R [fm] ReWp −2 ImWp |r| ϑ
[MeV] [MeV] [MeV]
PDG 1210 100 46 −46◦
0.123 (I) 1205 94 44 −56◦
0.200 (II) 1203 98 47 −55◦
PDG 1510 270 25 −180◦
Ref. [18] 1469 314 38 173◦
0.200 (∆∆) 1376 255 10.6 −153◦
0.800 (∆∆) 1379 219 15.4 −162◦
0.800 (NN) 1380 163 8.0 −107◦
−‖−
−‖−
N+∆ exchange
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FIG. 3. Evolution of poles in the complex plane as a function
of R (in fm); the single pole arising from the u-channel N -
exchange kernel (open circles), and of the three poles from
the N + ∆ exchange kernel (full circles).
width of the second resonance which primarily depends
on the width of the outgoing ∆ (which is assumed to be
constant in the present calculation).
III.2. Including the resonant state at 1232 MeV
We now turn to a more realistic model introducing a
genuine three-quark resonant state. In order to be able
to identify the most relevant degrees of freedom in the
physically interesting region below 1700 MeV, we work
with only two channels, the piN and the pi∆. We adjust
the bare mass by fixing the Breit-Wigner resonance mass
(i.e. the zero of ReT ) to 1232 MeV and further fix the
bare piN∆ coupling constant to 110 % of the quark-model
value and the bare pi∆∆ coupling constant to 55 % in or-
der to (partially) compensate for the channels not taken
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FIG. 4. The probability for the pi∆ component in the DpiN piN
amplitude as a function of W for four different R (in fm).
into account.
In addition to Eq. (9) we now solve Eq. (8); both equa-
tions involve the same kernel which is identical to the one
of the purely dynamical model, and hence the behavior
of wmin(W ) coincides with that shown in Fig. 1. The
scattering amplitudes are displayed in Fig. 5 for four dif-
ferent R. The experimental amplitudes are best repro-
duced for R between R = 0.8 fm and R = 0.6 fm while
at R = 0.45 fm a structure at around W = 1500 starts
to become visible. For R = 0.20 fm the amplitudes coin-
cide with those of the purely dynamical model. Analyz-
ing the emergence and evolution of poles in the complex
plane in Fig. 6 we notice that the position of the lowest
pole corresponding to ∆(1232) stays close to the stan-
dard PDG value and only moves toward slightly larger
widths and smaller masses for very small R. There is
a second branch starting with masses around 1450 MeV
and widths of 350 MeV evolving towards higher values
for both quantities. At smaller values, below R at which
wmin crosses zero, a third branch emerges starting with
a small residue and evolving toward the second pole of
the purely dynamical model. There is a fourth branch
essentially identical to the third branch discussed in the
previous section.
We conclude this section by noting that the main effect
of including a bare resonant ∆ state is the mixing of the
bare state with the dynamically generated states, which
results in pushing the dynamically generated resonance
obtained in the previous section towards higher energies;
for larger R its properties come closer to the values in
the PDG table (see table II) and it can be identified as
the ∆(1600) resonance.
III.3. Including the second resonant state
We finally consider the inclusion of the second gen-
uine three-quark resonant state in which one quark is
6no genuine res., R = 0.20
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FIG. 5. T -matrix amplitudes with and without included gen-
uine resonance at 1232 MeV for R = 0.8 fm, 0.60 fm, 0.45 fm
and 0.200 fm. Experimental data from [28, 29].
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FIG. 6. Evolution of poles in the complex plane as a function
of R (in fm) with included genuine resonance at 1232 MeV.
promoted to the 2s state. In our previous work on the
N(1440) we have found a strong mixing of such a config-
uration with the dynamically generated state; it is there-
fore important to check whether such a mixing plays a
sizable role also in the P33 partial wave.
As discussed in the Introduction we expect that a
bare state with such a configuration does not exist be-
low 2000 MeV. We therefore consider two possible bare
masses of 2200 MeV and 2000 MeV. We used the pion
coupling constants obtained in the Cloudy Bag Model
without any further adjustment: for piNR and pi∆R the
constants are 46 % of the corresponding quark-model val-
ues for the (1s)3 configuration. We assume the same bag
radius for both states.
The calculation proceeds by introducing an additional
term cγR∗VαR∗(k) in (4) with VαR∗(k) satisfying an anal-
TABLE II. S-matrix pole position, modulus and phase with
one resonant state for R = 0.8 fm, 0.6 fm, 0.2 fm, and with
an additional resonant state with a bare mass 2.2 GeV and
2.0 GeV. The PDG values are taken from [11].
R [fm] ReWp −2 ImWp |r| ϑ
[MeV] [MeV] [MeV]
PDG 1510 270 25 −180◦
Ref. [18] 1469 314 38 173◦
0.800 1449 350 26.3 174◦
0.600 1508 427 50.0 −165◦
0.200 1367 271 12.1 −160◦
m∆∗ = 2.2 GeV
0.800 1453 360 44 −174◦
0.600 1570 397 66 −166◦
m∆∗ = 2.0 GeV
0.800 1452 347 46 −179◦
0.600 1631 340 68 −140◦
ogous equation to Eq. (8). The equations for cγR and
cγR∗ , however, become more complicated due to mixing
of the bare resonances through pion loops, as described
in [8]. We fix again the Breit-Wigner mass of the lower
resonance to 1232 MeV by adjusting the bare ∆ mass;
this procedure works, provided that the bare ∆ mass
does not come too close to the bare mass of the upper
states, which occurs around R = 0.45 fm. The resulting
Breit-Wigner mass of the upper resonance remains close
to its bare value even for smaller R where the two bare
state strongly mix.
Figure 7 displays the T -matrix amplitude with and
without including the second resonant state for the bag
radii for which the amplitude agrees best with experi-
ment. While the imaginary part of the amplitude is im-
proved in the intermediate regime by introducing the sec-
ond state, a typical resonant behavior emerging around
2000 MeV for the bare mass of 2000 MeV is not sup-
ported by experiment. It seems therefore that such a
low mass is ruled out. Adding further channels may en-
hance the amplitude and improve the agreement and may
eventually support a bare mass as low as 2200 MeV. We
shall nonetheless include both bare states in our further
analysis.
The evolution of the poles pertinent to the second and
the third resonance is compared to the evolution of the
second resonance discussed in the previous subsection in
Fig. 8. We notice that the presence of the new reso-
nant state affects little the properties for larger R but
already for R = 0.60 fm the mass of the resonance is
further increased with respect to the purely dynamical
resonance as well as the resonance with a single reso-
nant state (see also Table II). The third resonance pole,
starting on the real axis at the bare mass of the resonant
state, evolves towards large −ImW almost in a straight
line and does not bend toward lower masses as in the
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FIG. 7. T -matrix amplitude with the included resonant ∆
state for R = 0.67 fm, and the amplitude with the included
second state at bare masses 2000 MeV and 2200 MeV for
R = 0.74 fm. Experimental data from [28, 29].
case of the N(1440) resonance. This indicates that the
excited quark configuration plays a rather insignificant
role in the formation of the ∆(1600) resonance (in the
physically sensible range of radii).
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FIG. 8. Evolution of the poles pertinent to the second reso-
nance (full circles) and the third resonance (open circles) in
the complex plane, as a function of R (in fm).
IV. ELECTROPRODUCTION AMPLITUDES
Electroproduction is an important tool to study the
resonance structure. In particular, the extracted Q2-
dependence of helicity amplitudes may reveal the spa-
tial distribution of quark and meson degrees of freedom.
As an example, let us mention our early calculation of
the helicity amplitudes in the case of the ∆(1232) reso-
nance [30] in which we have been able to disentangle the
quark and the pion degrees of freedom and shown that
the latter strongly dominate the E1+ production ampli-
tude; similarly, studying the structure of the N(1440)
resonance [23] we have been able to explain the zero
crossing of the A1/2 amplitude by its transition from
the pion-dominated region at low Q2 to the region domi-
nated by quarks at larger Q2. This type of calculation is
based on the assumption that it is possible to extract
the resonant state from (1) and calculate the electro-
magnetic (EM) part of the electroproduction amplitude
by evaluating the corresponding EM multipole between
the ground and the resonant state. Such an approach is
justified if the resonance is sufficiently narrow and can be
separated from the background and possible neighboring
resonances. This is certainly not fulfilled in the case of
∆(1600). It seems that the only physically sensible way
to obtain the helicity amplitudes is to extract them from
the electroproduction amplitudes at the S-matrix pole
for different values of Q2.
The calculation is organized as follows: the K ma-
trix acquires a new channel, γN , and the corresponding
matrix elements are calculated from (2) with the EM in-
teraction,
V γµ (kγ) =
e0√
2ωγ
∫
dr εµ · j(r) eikγ ·r , (14)
replacing the strong one. Here kγ and µ are the momen-
tum and the polarization of the incident photon, and the
current involves the quark and the pion part:
j(r) = ψ¯γ( 16 +
1
2τ0)ψ + i
∑
t
tpit(r)∇pi−t(r) .
Only M1 and E2 multipoles contribute in the P33 partial
wave. The M1+ and E1+ amplitudes are calculated and
the respective residues are determined by using the L+P
expansion. From these residues the helicity amplitudes
(photodecay amplitudes) Apoleh are calculated as [34]:
Apoleh =
√
16pi kpiMp
3kγmNRespiN
ResAh1+ , (15)
valid for the P33 partial wave. Here kpi and kγ are
the pion and photon momenta evaluated at the pole,
Mp is the mass of the resonance and RespiN the elas-
tic piN residue; A1/21+ = − 12 (M1+ + 3E1+) and A3/21+ =
−
√
3
2 (M1+ − E1+).
In the first step we calculate the photoproduction am-
plitudes and compare them to the residues obtained by
Sˇvarc et al. [20] for γN → piN and of Sokhoyan et al. [31]
for γN → pi∆; see Table III.
In the next step we calculate the Q2-dependence of the
helicity amplitudes A1/2 and A3/2 at the pole by first cal-
culating the electroproduction amplitudes as a function
of W at finite Q2 and then determine the residue of the
8TABLE III. Photoproduction residues at the pole of ∆(1600).
The values of the modulus should be divided by 1000.
|ResE1+| θE |ResM1+| θM
γN → piN
Ref. [20] 0.44 127◦ 2.53 −149◦
R = 0.8 fm 0.30 143◦ 2.02 173◦
R = 0.6 fm 0.49 115◦ 4.46 122◦
γN → pi∆
Ref. [31] 2± 1 30◦ ± 30◦ 12± 3 65◦ ± 25◦
R = 0.8 fm 0.41 158◦ 6.51 119◦
R = 0.6 fm 0.67 158◦ 13.3 127◦
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FIG. 9. Photoproduction E1+ amplitude (in mfm) for R =
0.6 fm and 0.8 fm evaluated in the model with one or two res-
onant three-quark states, the second one at m∆∗ = 2.2 GeV.
Experimental data from [28, 29].
pole for each Q2 separately by using the L+P expan-
sion. The resulting amplitudes are displayed in Fig. 10
and compared to the phenomenological amplitudes of the
MAID2007 analysis [35] evaluated at W = 1232 MeV
and at 1470 MeV. One should keep in mind that the lat-
ter amplitudes have been evaluated by assuming a Breit-
Wigner behavior for the resonance, while ours are ex-
tracted from the pole residue. It is known that the quark
contribution to the magnetic amplitudes is considerably
underestimated in our model, particularly at smaller Q2,
due to the fact that the spinors are limited to the inte-
rior of the bag. We expect that this effect is present also
in the amplitudes pertinent to the ∆(1600) resonance.
The helicity amplitudes roughly follow the same trend
for both resonances, similar to the MAID amplitudes. At
low Q2 there is, however, a substantial difference due to
the E2 multipole, which is considerably larger than in the
phenomenological parameterization; as a result, the A1/2
amplitude at the photon point becomes almost equal to
the A3/2. Taking into account the simplicity of the quark
model embedded into our coupled-channels framework as
well as large uncertainty of the experimental data regard-
ing this resonance, our values compare favorably to the
values from Refs. [31, 32] (see Table IV). Since the E2
multipole contribution originates entirely from the pion
current, this effect is a strong signal for the important
role of the pion cloud in the ∆(1600) and supports our
picture of the resonance.
Let us stress that our model reproduces reasonably well
the E1+ photoproduction amplitude (Fig. 9) in the phys-
ically relevant range of W , which speaks in favor of our
model. The figure also shows that the presence of the sec-
ond baryon state at 2.2 GeV has little effect, particularly
for larger R.
TABLE IV. Helicity amplitudes at the photon point in units
of 10−3GeV−1/2.
|Apole1/2 | θ1/2 |Apole3/2 | θ3/2
Ref. [31] 53± 10 (130± 15)◦ 55± 10 (152± 15)◦
Ref. [12] 193 15◦ 254 175◦
Ref. [32] 53± 10 (130± 25)◦ 41± 11 (165± 17)◦
Ref. [33] 72 −109◦ 136 −98◦
R = 0.8 fm 44 −104◦ 47 −89◦
R = 0.6 fm 68 22◦ 79 25◦
V. CONCLUSION
We have studied the mechanism of resonance formation
in the P33 partial wave in a model including only the piN
and the pi∆ channels. The L+P expansion has been used
to extract the S-matrix resonance-pole parameters. We
have shown that assuming only the u-channel exchange
diagrams, the system supports two resonances of dynam-
ical origin, the lowest one with a pole mass around 1200
MeV, dominated by the piN loops, and the second one,
dominated by the pi∆ loops, with a mass slightly below
1400 MeV. For a sufficiently large cutoff parameter, the
position and the residue almost perfectly agree with the
PDG values, yet the corresponding size of the quark core
appears to be much too small to make such a model re-
alistic.
Including a genuine three quark resonant state in the
s-channel it becomes possible to reproduce sufficiently
well the scattering data in the intermediate energy region
by using physically sensible values for the cutoff. The
properties of the ∆(1232) are well reproduced and, fur-
thermore, the second dynamically generated resonance is
pushed toward a somewhat higher pole mass of around
1500 MeV and acquiring the width which agrees with still
rather uncertain PDG values for the ∆(1600) resonance.
We have checked whether the inclusion of the s-wave
σ meson as well as the quark configuration with one
quark excited to the 2s state — which has turned out
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FIG. 10. Helicity amplitudes (units 10−3GeV−1/2, phase in degrees) at the S-matrix pole of the ∆(1232) and ∆(1600) resonances
for R = 0.8 fm, and the corresponding multipole amplitude E2, compared to the phenomenological parameterization [35].
to play a dominant role in the case of the N(1440) reso-
nance — may change the above picture. The σ∆ chan-
nel, as the counterpart of the σN channel in the P11
partial wave, starts to influence the results only above
1700 MeV, while the evolution of the pole stemming from
the leading (1s)22s configuration is well separated from
the pole evolution pertinent to the second dynamically
generated resonance. The excited quark core configura-
tion could eventually be the dominant ingredient in one
of the higher P33 resonances.
Electroproduction in the energy region below ≈
1700 MeV, in particularly the extraction of helicity am-
plitudes at finite Q2, seems to be the most decisive test
to confirm the validity of our picture of the ∆(1600) res-
onance. Our model predicts a relatively strong contribu-
tion from the E2 multipole originating solely from the
photon interaction with the pion cloud and dominating
at small Q2 due to the large extent of the pion field. As
a result, A1/2 is enhanced, while A3/2 is diminished with
respect to their ratio of
√
3 assuming M1 dominance,
and the two amplitudes in fact become comparable in
size. Furthermore, we predict that they drop smoothly
to zero at large Q2 and do not exhibit a zero crossing
as is the case with the A1/2 amplitude in the Roper res-
onance where the quark (1s)22s configuration is strong
and produces a contribution with the opposite sign with
respect to the pion cloud contribution.
We conclude that the ∆(1600) is perhaps the most
clean example of a dynamically generated non-strange
resonance in the second and third resonance regions.
[1] H. L. Anderson, E. Fermi, E. A. Long, D. E. Nagle, Phys.
Rev. 85, 934 (1952).
[2] H. L. Anderson, E. Fermi, E. A. Long, D. E. Nagle, Phys.
Rev. 85, 936 (1952).
[3] G. F. Chew and F. E. Low, Phys. Rev. 101, 1570 (1956).
[4] C. B. Lang, L. Leskovec, M. Padmanath, S. Prelovsek,
Phys. Rev. D 95, 014510 (2017).
[5] A. L. Kiratidis et al., Phys. Rev. D 95, 074507 (2017).
[6] O. Krehl, C. Hanhart, S. Krewald, and J. Speth, Phys.
Rev. C 62, 025207 (2000).
[7] D. Ro¨nchen et al., Eur. Phys. J. A 49, 44 (2013).
[8] B. Golli, H. Osmanovic´, S. Sˇirca, A. Sˇvarc, Phys. Rev. C
97, 035204 (2018).
[9] N. Suzuki, B. Julia´-Dı´az, H. Kamano, T.-S. H. Lee, A.
Matsuyama, and T. Sato, Phys. Rev. Lett. 104, 042302
(2010).
[10] H. Kamano, S. X. Nakamura, T.-S. H. Lee, and T. Sato
Phys. Rev. C 81, 065207 (2010).
[11] M. Tanabashi et al. (Particle Data Group), Phys. Rev.
D 98, 030001 (2018).
[12] D. Ro¨nchen et al., Eur. Phys. J. A 50, 101 (2014).
[13] Simon Capstick and B. D. Keister Phys. Rev. D 51, 3598
(1995).
[14] G. Ramalho and K. Tsushima, Phys. Rev. D 82, 073007
(2010).
[15] I. G. Aznauryan and V. D. Burkert, Phys. Rev. C 92,
035211 (2015).
[16] Y. Lu et al., arXiv:1904.03205[nucl-th].
[17] A. Sˇvarc, M. Hadzˇimehmedovic´, H. Osmanovic´, J. Sta-
hov, L. Tiator, and R. L. Workman, Phys. Rev. C 88,
035206 (2013).
[18] A. Sˇvarc, M. Hadzˇimehmedovic´, R. Omerovic´, H. Osman-
ovic´, and J. Stahov, Phys. Rev. C 89, 045205 (2014).
[19] A. Sˇvarc, M. Hadzˇimehmedovic´, H. Osmanovic´, J. Sta-
hov, and R. L. Workman, Phys. Rev. C 91, 015205
(2015).
[20] A. Sˇvarc, M. Hadzˇimehmedovic´, H. Osmanovic´, J. Sta-
hov, L. Tiator, and R. L. Workman, Phys. Rev. C 89,
065208 (2014).
[21] B. Golli and S. Sˇirca, Eur. Phys. J. A 38, 271 (2008).
[22] A. W. Thomas, Adv. Nucl. Phys. 13, 1 (1984).
[23] B. Golli, S. Sˇirca, and M. Fiolhais, Eur. Phys. J. A 42,
185 (2009).
[24] B. Golli, S. Sˇirca, Eur. Phys. J. A 47, 61 (2011).
[25] B. Golli, S. Sˇirca, Eur. Phys. J. A 49, 111 (2013).
[26] B. Golli, S. Sˇirca, Eur. Phys. J. A 52, 279 (2016).
[27] G. H. Golub, C. F. Van Loan, Matrix Computations, 3rd
edition, Johns Hopkins University Press, Baltimore 1996.
10
[28] R. A. Arndt, W. J. Briscoe, I. I. Strakovsky, R. L. Work-
man, Phys. Rev. C 74, 045205 (2006).
[29] http://gwdac.phys.gwu.edu/analysis/pr_analysis.html.
[30] M. Fiolhais, S. Sˇirca, B. Golli, Phys. Lett. B 373, 229
(1996).
[31] V. Sokhoyan et al., Eur. Phys. J. A 51, 95 (2015).
[32] A. V. Anisovich et al. Eur. Phys. J. A 48, 15 (2012).
[33] H. Kamano, S. X. Nakamura, T.-S. H. Lee and T. Sato,
Phys. Rev. C 88, 035209 (2013)
[34] R. L. Workman, L. Tiator, and A. Sarantsev, Phys. Rev.
C 87, 068201 (2013).
[35] D. Drechsel, S.S. Kamalov, and L. Tiator, Eur. Phys. J.
A 34, 69 (2007).
